A comparison study on the numerical computations by large eddy simulation (LES) and Reynolds-averaged Navier-Stokes (RANS) methods with experiment on a cylindrical cavity flow was conducted in this paper. Numerical simulations and particle image velocimetry (PIV) measurement were performed for two Reynolds numbers of the flow at a constant aspect ratio of / = 2.4 (R is the radius of the cylindrical cavity, and H is liquid level). The three components of velocity were extracted from 100 sequential PIV measured velocity frames with averaging, in order to illustrate the axial jet flow evolution and circulation distribution in the radial direction. The results show that LES can reproduce well the fine structure inside the swirling motions in both the meridional and the horizontal planes, as well as the distributions of velocity components and the circulation, in good agreement with experimental results, while the RANS method only provided a rough trend of inside vortex structure. Based on the analysis of velocity profiles at various locations, it indicates that LES is more suitable for predicting the complex flow characteristics inside complicated threedimensional geometries.
Introduction
Turbulence is a universal flow phenomenon in the nature world and engineering application systems. Research on turbulence has long been a hot topic, which directly influences the prediction of environment and engineering application. There are currently three main approaches for numerically simulating turbulent flows, that is, Reynolds-averaged Navier-Stokes (RANS), large eddy simulation (LES), and direct numerical simulation (DNS). For RANS method, its governing equation (Reynolds time-and space-averaged equation) "flattens" the local flow parameters, and so it only predicts the overall characteristics of turbulent flows. Since it computes the flow parameters by dividing them into the mean part (average), which represents the main flow, and the fluctuating part, which is calculated by turbulence models, it greatly reduces the computation burden. However, the results are strongly influenced by the turbulence models adopted. For DNS method, it directly solves the NavierStokes (N-S) equation without introducing any turbulence models. Thus, DNS needs very fine computational meshes and large computer resources in order to resolve the smallest turbulence scale (Kolmogorov scale). So, currently it cannot handle complex flow at a relatively large flow Reynolds number (Re) and is still far from the needs for real engineering applications.
Recently, LES was used widely in the engineering applications, due to a balance of great development of computer capacity and computational cost. The basic idea of LES is to decompose the flow variables into large-scale parameters and small-scale parameters by using a "cutoff " filter function. Thus, it explicitly simulates the large eddies but parameterizes the small eddies using a subgrid scale (SGS) model, by which it can provide accurate results at different length-scales above the cutoff threshold in a complex fluid flow.
LES was initially proposed for global weather forecasting by meteorologist Smagorinsky [1] . After this pioneering work, LES method has been greatly developed so far in respect to the SGS model development, improvement of numerical simulation efficiency for LES, robustness of LES for turbulent flow with complex flow passage geometry, and application area extension (e.g., [2] [3] [4] [5] [6] [7] [8] [9] [10] among a large amount of others). Many studies show that the LES method can simulate complex flow phenomena such as vortex shedding, buoyancy influence, curved streamlines, and rotation flow, where the RANS method cannot capture the delicate flow structure in such flow conditions. Among the complex flow phenomena, swirling flow is a fine example to test the numerical computation with different turbulent models. Swirling flows in a cylindrical cavity have attracted much attention in the past decades due to such kind of flows having close associations with frequently encountered natural phenomena like tornadoes, complex engineering applications such as centrifugal machinery and cylindrical cyclone separator, and classical studies on fluid mechanics such as flow bifurcation, symmetry breaking, and vortex break-down phenomena. The vortex structures in the rotated cavity flow show abundant flow patterns, which crucially depend on Re, the height to radius aspect ratio, / , and also the fluid properties. Lopez et al. [11, 12] have conducted numerical simulations and experiments on both deep and shallow cylinder flows, showing that the rotating waves were the main pattern of vorticity distribution. Li et al. [13] investigated the flow patterns in a cylindrical cavity flow of viscoelastic fluid by using a two-dimensional (2D) particle image velocimetry (PIV) system, indicating that the viscoelasticity of fluids influenced both meridional and planar flow characteristics and then the flow transition to symmetry breaking.
It is conjectured that flow characteristics in swirling flow should be well captured by the LES methods. Due to the rapid development in computer performance and numerical simulation techniques, computational fluid dynamics (CFD) developed greatly in the past decades. The commercial CFD software greatly facilitates the research on the turbulent flows in complicated flow geometries. We have carried out a comparative study on the performances of LES and RANS methods in predicting complicated three-dimensional flow characteristics in a hydraulic power machinery model [14] , showing that LES is much superior to RANS for this complex flow, and only the LES results were well coinciding with the experiments. This paper aims at making further comparative study on LES and RANS computations focusing on the characteristics of the cylindrical cavity flow, especially on the vorticity distribution and velocity profiles. A carefully regulated 2D PIV experiment is performed to obtain database of velocity distribution and vortex structures for comparisons.
Experimental Procedures
The experimental setup is shown in Figure 1 . The cylindrical cavity (inner diameter of 50 ± 0.12 mm) and its end-wall (driven by a precise stepper motor via the timing belt) are made of transparent acrylic resin. The cylindrical cavity flow is driven by the rotation of the end-wall, and the liquid flow in the cavity has a free surface in contact with the Advances in Mechanical Engineering air. The hollow cylinder is bathed in a transparent acrylic resin rectangular container with the same working fluid. For detailed information of this experimental apparatus, one refers to [13] . For a swirling flow in a cylindrical container, the curved wall may bring about serious quantitative deviation to the PIV-measured velocity field in the meridional plane due to optical refraction if the difference of refractive index between the working fluid and the transparent wall material is obviously large. Therefore, tuning of working fluid refractive index has been performed in order to match with the transparent acrylic resin wall. The sodium iodide (NaI) is used as a refractive index tuning material. Eventually, an NaI solution of 61 wt% concentration is finalized so as to assure the refractive index of 1.49 in both the working fluid and the bath fluid, which are similar with that of acrylic resin. It is known that this solution is chemically stable, and its refractive index is thermally stable [15] . For the measurement of refractive index, a refractive-index meter is used at the temperature of 295 K. By using this refractive-index-matched NaI solution, image distortions have been essentially eliminated, as seen from Figure 2 showing the comparison between images of light passing through the water bath and that passing through the prepared NaI solution bath.
A standard 2D two-component PIV system (TSI Inc., Shoreview, MN, USA) is utilized to measure the velocity fields in two planes, that is, the meridional plane and lateral plan as indicated in Figure 1 as sheet 1 and sheet 2, respectively, in the cylindrical cavity swirling flow. For the illumination system of PIV, the double-pulsed YAG200-NWL (New Wave) laser generator has a power output of 200 mJ/pulse, maximum repetition rate of 15 Hz, and the emission wavelength of 532 nm. The thickness of light sheet is 0.5 mm. Sets of digital images are captured by 12-bit CCD cameras (TSI Powerview Plus with 2048 × 2048 pixel resolution). A TSI synchronizer box controls the strobing and timing of the camera and laser. The dual frame acquisition rate is 8 Hz, and so the sampling frequency of velocity frames is 4 Hz. For the resolution of measurement, all the picture frames in the -plane (the Cartesian coordinates is shown in Figure 3 ) cover the full height of liquid, that is, an area of × = 50 × 60 mm 2 with the spacing between adjacent vectors Δ = Δ = 0.82 mm.
And in the -plane, the images cover a planar disc area of × 25 2 mm 2 , with the spacing between adjacent vectors Δ = Δ = 0.60 mm and Δ = Δ = 0.96 mm at = 6.0 mm and 30.0 mm planes, respectively. The interrogation area is set as 32 × 32 pixels (with 50% overlap in each direction) for velocity vector analyses.
Teflon tracer particles with an average diameter of 10 m are used to seed the flow. Although the density of tracer particle is somewhat smaller than that of working fluid, for the measurement within 30 minutes, the tracer particles follow the working fluid very well. Carefully adjusting the position (both horizontal and perpendicular) of laser sheets and the focal distance, the tracer particles can be uniformly illuminated and so clear images can be sampled. To meet the demand of this measurement, a Nikkon 50 mm/F1.8 camera lens is used with camera to capture the flow field in the meridional plane (sheet 1 and camera 1 as indicated in Figure 1 ), and a Sigma Micro 105 mm/F2.8 lens is for the horizontal plane measurement (sheet 2 and camera 2). The illuminated image in the horizontal plane (sheet 2) is taken from the end-wall bottom through a mirror set at 45 ∘ angle. The measured cylindrical cavity flow has a constant aspect ratio of / = 2.4. PIV images are acquired for 100 dual frames (200 PIV photographs) for each run of measurements. For the image post processing, flow vectors are obtained by TSI INSIGHT 3G software (Version 3.3), then the bad vectors are filtered by using a homemade FORTRAN program based on the "three-sigma" principle.
Numerical Simulation Procedures
To study the fine structures of the swirling flow with free surface, numerical simulations are conducted based on RANS method and LES method, respectively. The solvers in commercial CFD code FLUENT (version 6.3) are utilized to solve the governing equations defined for the problem.
The computational model adopted in the numerical simulation is shown in Figure 3 Near the cylinder wall and the bottom end-wall around which the high shear stresses exist, the grids are well refined. For the refinement, the viscous layer grid + (= / ) is set less than 8, where is the wall friction velocity and is the kinematic viscosity.
The generated mesh system contains over 1.4 million cells in the whole domain and is displayed in Figure 3 LES method is realized in a way of reducing the number of freedom degrees in the simulated turbulent flow. This is done by calculating only the low-frequency modes (corresponding to turbulent structures larger than the cutoff threshold) but modeling the high frequency (smaller than the cutoff threshold) ones. The scale separation is performed by filtering in space the N-S equations. Small eddies can be modeled by the additional term in the LES governing equations resulting from the filtered N-S equations. The additional term is referred to as the SGS model which is derived from the interaction of unresolved scales and resolved scales. Under the assumption of constant fluid property, the governing equations of LES are as follows:
where represents the subfilter tensor comprising the terms that are not expressed directly from resolved scales, = −
. In order to obtain the correct subfilter tensor, Smagorinsky-Lilly model is used in this study [16] .
The most widely used approach in industrial applications for the modeling of turbulent flow is RANS. From the viewpoint of engineering applications, the focus is the change of time-averaged flow field induced by the turbulence. Therefore, solving the time-averaged N-S equations is taken into consideration. This approach assumes that nonconvective transport in a turbulent flow is governed by random threedimensional turbulence possessing a broadband spectrum with no distinct frequencies. The model represents a very wide range of scales with the smallest scales being influenced by the fluid viscosity. In this study, the standard -model and high-accuracy RNG -model in RANS are adopted. The RNG -model improves the accuracy of the prediction on the turbulent vortices and near-wall flow, compared with the standard one.
To consider the air-water interface at the free surface of swirling flow, the volume of fluid (VOF) model for two-phase flow is adopted to conduct numerical simulation. In VOF model, there is no interpenetration for parameters in two or more fluids (or phases). A new variable for each additional phase is added into the model, that is, the volume fraction of the phase in the computational cell. phases. For the th phase, the equation is defined as [16] 
wherėis mass transfer from th phase to th phase, anḋ is mass transfer from th phase to th phase. ⃗ in (3) is hereby the same velocity vector in N-S (2).
The bottom end-wall of the geometry is set as the slip wall (the absolute velocity near the wall is nonzero) with constant rotational velocity which ensures the same Re as the one in the corresponding experimental case. The sidewall surface of the cylinder is set as nonslip wall condition, and the top plane of liquid is defined as pressure outlet with a standard atmospheric pressure. Fluid media in the simulation are air and water. In VOF model, air is set as the primary phase, while water is set as the secondary phase.
The SIMPLE scheme is used for the computation of velocity-pressure coupling. PRESTO! and the first-order upwind scheme are, respectively, adopted to discretize the pressure equation and the volume fraction equation. For the momentum equation discretization in LES, bounded central differencing scheme is utilized. For standard and RNGmodels, second-order upwind scheme is used to discretize the momentum equation, turbulent kinetic energy ( ) equation, and turbulent dissipation rate ( ) equation. For the time marching, it is set as the implicit second-order method.
Results and Discussions
For convenience, a cylindrical coordinates ( , , ) (correspondingly, the velocity field is ( , V, )) is defined instead of the Cartesian coordinates ( , , ), with the origin locating at the center of the bottom end-wall. Therefore, horizontal and meridional planes refer to ( -) plane and ( -) plane, respectively. The Reynolds number of the investigated cylindrical cavity flow is defined as Re = Ω 2 / , where Ω is angular velocity. Two flow cases are tested at Re = 2616 and 6541, respectively. The Froude number is defined as Fr = Ω 2 2 /(Hg), where is the gravitational accelerator, and it reads 0.0186 and 0.1165 for the two investigated cases, respectively. For a free-surface rotating flow at Fr number less than 1, the surface perturbation in an open container is trivial [17] . In this case, therefore, the deformation of airwater interface is considered to be negligible, and the surface tension does not influence the flow structures.
The flow structures in the meridional plane and two parallel planes are captured in both experiments and numerical simulations. Distributions of the radial and axial velocity components, and , and the circulation Γ( ) = V /(Ω 2 ), respectively, along the radius are also obtained from the meridional and horizontal planes. Comparisons of these results obtained from LES and RANS with that of the experiment are presented as follows. Note that all the PIV measurement results are treated by a 100-frames-averaging, due to the steady flow structures at the given flow conditions. As Re gets higher, the flow should be more irregular, so the RNG -model is introduced to make a comparison within the RANS category and to check how it performs comparing with others. Figure 4 depicts the velocity field and vorticity obtained by LES and RANS (RNG -model is used additionally for Re = 6541) and PIV measurement for the same configuration and setup. The swirling flow driven by the bottom endwall displays an axisymmetric pattern, which radially flows outwards in the Ekman layer near the bottom and is restricted into the vertically axial direction near the cylinder sidewall, forming a jet-like shear layer flow. Finally, in the axis of the cylinder, the fluid overturns near the interface then diverts down into the bulk. This "swirling nature, " in both the azimuthal and vertical directions, is much similar to the tealeaf motion with the spoon stirring in a cup. Compared with the RANS method (for both -models), the vector profile and vorticity distribution by LES method in the ( -) plane are much sharper and more reasonable as a symmetric swirling flow and agree with the PIV measurement better. Note that the result by RNG -model proves to be better than that by standard -model on the vorticity structures, and velocity distribution in the shear layer is also better. That should be due to the good treatment of RNG -model near the wall. However, the two RANS models both do not predict well the flow near the free surface and in the bulk where the fluid changes direction. And in comparison, LES shows much better results which resemble the experimental measurement. It implies that the high-accuracy -model still cannot reproduce as fine detailed information as LES does. Therefore, in the following, we just show the results of RANS by using standard -model, along with the LES and PIV for Re = 2616. At least, the result by RANS with a -model shows an overall prediction of the axisymmetric structures in the ( -) plane; however, it encompasses a much larger zone of overturning flow in the bulk as compared with LES and PIV measurement results. Such difference probably stems from the numerical simulation approach of RANS, which has the "smearing effect" for the turbulence modeling [18] .
Flow Structures in the Meridional
The LES method reproduces better the PIV measurement result. Nevertheless, more discrepancies appear when Re gets high. When the flow gets more chaotic, the fluid motions under the small scales will be more robust to transport the injected energy. Therefore, the flow information at the high frequency needs refined girds and numerical method to predict, which is just limited by SGS models in the LES. The bulk flow by LES is more irregular than experimental result, which should be due to the limitation of SGS model adopted in this study. Anyway, for both numerical methods (LES and RANS), the vertical Ekman layers near the sidewall of cylinder coincide well with that of experimental result, indicating the local mesh for simulation is good enough. And more detailed differences come from the essence of the numeric treatment and turbulence models. normalized axial vorticity ( ) at depths of / = 0.24 and 1.2 for two different Res, respectively. As depicted in the experimental setup, the lower horizontal plane is physically = 6 mm, near to the bottom end-wall, the flow is strongly influenced by the end-wall rotating motion. So the velocity in this ( -) plane should be composed of a large azimuthal component and a small radial component. The larger the rotation speed is, the more chaotic the flow in the bulk becomes. At the upper horizontal plane = 30mm, the flow in the bulk shows axisymmetric pattern, which is consistent with that in the ( -) plane. Again, the result by LES method is shaper than that by RANS method, and for the vectors both agree well with experimental result, but for the vorticity distribution, compared with RANS method LES result shows more similar pattern as that of experiment at the two measured Res. However, the PIV images at the parallel planes are truly rough in the rim, which should be due to the possible contamination of particle tracers closed to the wall during the long-time measurement.
Flow Structures in the Horizontal
To compare the -models within RANS method, the RNG -model performs clearer prediction near the bottom wall ( Figure 5 ), whereas LES method outperforms their both near the cylinder wall ( Figure 6 ). This indicates that LES is more suitable for simulating the swirling flow, with high shearing effect existing near the wall.
Radial Distributions of Velocity Components and Circulation.
To further compare the simulated results with experiments, the radial distributions of two velocity components, and , and the circulation Γ( ) at two liquid levels ( / = 0.24 Figure 4 . The distribution of Γ( ) is calculated using the velocity field in the two ( , ) planes as plotted in Figures  5 and 6 . Note that the RNG -model is used for high Re to make better illustration, and it shows much similar result with that by standard -model. For the radial distribution of , the peaky structure moves towards the bulk when the observed plane varies from low to high (from / = 0.24 to 1.2, as seen from the comparison between Figures 7(a) and 7(b) ). The width of peak gets narrow as Re rises (as seen from the comparison between the upper and lower ones in Figure 7) , which means the jet flow near the sidewall of cylinder becomes stronger, and the shear layer correspondingly becomes thinner. More importantly, it is seen from Figure 7 that, for all the runs, the overall variation trend of along the radial direction obtained by LES matches with the PIV measurements much better than that by RANS, although there are still some quantitative differences between LES and PIV measurement results.
For the radial distribution of , the magnitude is apparently smaller than that of . Again, the matching between LES method and PIV result is fairly good. As for the result by RANS method, the evolution of both and flattens in the radial direction, especially in the core region of the cylinder. It indicates that the LES method for such a swirling flow can capture the detailed characteristics of the vortex motions but RANS can only capture overall ones.
For a cylindrical cavity flow, the circulation Γ( ) is an important parameter to illustrate the influence of swirling motion on the structure of the vortex flow by showing its radial distributions in different horizontal cross-sections [13] . As shown in Figure 8 , the circulation continuously increases from the core (about zero magnitude) to a maximum near the sidewall and then decreases to zero on the sidewall of the cylinder. With the increase of , the maximum Γ( ) decreases in its amplitude, and its location moves away from the sidewall. It can be seen from Figure 8 that the overall variation trend of Γ( ) in the radial direction can be captured by LES method quite well, as compared with PIV measurements. Particularly in the bulk flow, the matches between LES and PIV measurement are good enough that the plateau zones are successfully predicted. The RANS method fails to capture this feature in the bulk flow though it also depicts good circulation distribution near the wall.
From the comparisons of flow structures in the cylindrical cavity flow obtained by LES, RANS and PIV measurement, it is confirmed that LES can reproduce the overall information of swirling flow, and probably most of engineering flows. As speculated, RANS method loses precision in the prediction of detailed information of vortex structures, but can only provide the gross patterns of swirling flow.
Conclusions
Comprehensive comparisons between LES, RANS simulations, and PIV measurement for a swirling flow in a cylinder with bottom end-wall rotating have been carried out in this paper, through presenting the important parameters including velocity, vorticity distributions in both the meridional and parallel planes, and the radial distributions of different velocity components and circulation, at two Reynolds numbers, respectively.
The comparison with PIV measurement shows that LES method can capture more detailed information in such a swirling motion, with good matches in flow structures, overall characteristics of the radial distributions of the investigated velocity components and the circulation distribution. However, RANS method fails to regenerate the fine structures in the bulk. Together with our previous study, it is again verified that LES has great potential in serving as a powerful tool for the prediction of engineering flows inside complicated geometries.
